Modelling the Evolution of Fractures during Layer Normal Compression of a Limestone Shale Multilayer Sequence Using the Combined FEMDEM Numerical Method by Wang, Xiaoyu & Wang, Xiaoyu
  
 
 
 
 
IMPERIAL COLLEGE LONDON 
 
 
 
 
 
 
 
Department of Earth Science and Engineering 
 
 
Centre for Petroleum Studies 
 
 
 
 
 
 
 
Modelling the Evolution of Fractures during Layer Normal Compression of a Limestone 
Shale Multilayer Sequence Using the Combined FEMDEM Numerical Method 
 
By 
 
Xiaoyu Wang 
 
 
 
 
 
 
 
 
A report submitted in partial fulfillment of the requirements for the MSc and/or the DIC in 
Petroleum Engineering. 
 
 
 
 
 
 
September 2010
II Modelling the Evolution of Fractures in Reservoir Rocks 
 
 
 
 
DECLARATION OF OWN WORK 
 
 
 
 
 
 
 
 
I declare that this thesis Modelling the Evolution of Fractures during Layer Normal Compression of a 
Limestone Shale Multilayer Sequence Using the Combined FEMDEM Numerical Method is entirely my 
own work and that where any material could be construed as the work of others, it is fully cited and 
referenced, and/or with appropriate acknowledgement given. 
 
 
 
 
 
 
 
Signature: ………………………………………………………….. 
 
Name of student: Xiaoyu Wang 
 
Names of supervisors: Dr. John-Paul Latham, Dr. Jiansheng Xiang 
Modelling the Evolution of Fractures in Reservoir Rocks  III 
 
 
 
 
 
ABSTRACT 
Due to the lack of sufficient subsurface geometrical and petrophysical data, it is still a big challenge to 
characterize naturally fractured reservoirs in the oil industry. Previous fracture networks such as DFNs 
(Discrete Fracture Networks) lack certain mechanically realistic features (e.g. fracture truncations, forks 
and bends), but these significantly impact on a reservoir’s bulk flow and geomechanical properties.  
To better understand the mechanisms and process of joint pattern formation to predict joint characteristics 
under different conditions of stress and tectonic settings, this project applies a specific simulation tool 
based on a two-dimensional combined finite-discrete element code (Y2D) to mechanically create two-
dimensional realistic fracture networks by using stratified models of multilayered sequences for a layer-
parallel extensional stress regime. Three– and five-layer fractured models with different thickness ratios 
of limestone to shale layer are simulated under velocity controlled layer normal shortening condition.  
This project shows how advanced modelling techniques and visualisations can illustrate the effect of 
heterogeneity and layered units on the evolution of fracture geometry. The theories of sequential infilling 
and fracture saturation are confirmed through simulating a layered elastic model under tensile stress. It is 
also shown that all these theories should be applicable to explain the fracture pattern in the layered 
models that are under vertical compression. This study reproduces the formation of pull-apart features, 
and the results support the previous conclusion that the fractures cut through the limestone beds at a 
higher angle than in the shale layers. The numerical experiments show that the fractures in the 
neighbouring bed and the delamination between two layers have a significant effect on the spacing of 
fractures. Also, the simulation results demonstrate that the thickness of the neighbouring incompetent 
layers and that of the fractured competent layers have a strong influence on fracture spacing.  
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Abstract 
Because of the lack of sufficient subsurface geometrical and petrophysical data, it is still a big challenge to characterize 
naturally fractured reservoirs in the oil industry. Previous fracture networks such as DFNs (Discrete Fracture Networks) lack 
certain mechanically realistic features (e.g. fracture truncations, forks and bends), but these significantly impact on a 
reservoir’s bulk flow and geomechanical properties. To predict joint characteristics under different stress conditions and 
tectonic settings, this project applies a specific simulation tool based on a 2-D combined finite-discrete element (FEMDEM) 
code to mechanically create 2-D realistic fracture networks by using stratified models of multilayered sequences for a layer-
parallel extensional stress regime. Three– and five-layer brittle models with different thickness ratios of limestone to shale 
layer are simulated under velocity controlled layer normal shortening conditions. This project shows how advanced modelling 
techniques and visualisations can illustrate the effect of heterogeneity and layered units on the evolution of fracture geometry. 
The theories of sequential infilling and fracture saturation are confirmed through simulating a layered elastic model under 
tensile stress. It is also shown that all these theories should be applicable to explain the fracture pattern in the layered models 
that are under vertical compression. This study reproduces the formation of pull-apart features, and the results support the 
previous conclusion that the fractures will span the limestone beds at a higher angle than in the shale layers. The numerical 
experiments show that the fractures in the neighbouring bed and the delamination between two layers have a significant effect 
on the spacing of fractures. Also, the simulation results demonstrate that the thickness of the neighbouring incompetent layers 
and that of the fractured competent layers have a strong influence on fracture spacing.  
 
Introduction 
Background 
Hydrocarbon reserve is prominent in naturally fractured reservoirs around the world. The difficulty in characterizing those 
reservoirs is mainly attributed to the lack of sufficient subsurface geometrical and petrophysical data. In particular, there is 
lack of accurate well data because opportunities to obtain the data on joint spacing, length and connectivity in the subsurface 
are usually limited to observations made in wells (Wu and Pollard 1995; Belayneh et al. 2009), which are inevitably poor. In 
order to overcome this problem, subsurface information of the sedimentary formations is extrapolated from the boreholes 
(Berkowitz and Adler 1998; Sisavath et al. 2004; Begdanov et al. 2007); however, this method of extrapolating borehole data 
has brought about many uncertainties for reservoir modelling that requires fracture geometry data.  
The first fracture network models simulated by Priest and Hudson (1976), and Long et al. (1982) provided a basis for the 
development of the Discrete Fracture Networks (DFNs), which are now widely used to estimate permeability among reservoir 
engineers. Although DFNs have brought many benefits to reservoir engineers, they lack certain mechanically realistic features 
such as fracture truncations, forks and bends, but these have a significant impact on a reservoir’s bulk flow and geomechanical 
properties. Understanding the mechanisms and processes of fracture pattern formation can help us predict fracture 
characteristics under different conditions of stress and tectonic settings.  
The development of multiple fractures by various geometric-based propagation methods has been described by many 
authors. Olson et al. (1988, 1989) have initiated a method to understand the relationship between remote differential stress 
magnitude and the curvature of overlapping echelon fracture traces. Conclusions can be made from other research studies 
(Garret and Bailey 1977; Parvizi and Bailey 1978; Wu and Pollard 1995; Price 1966; Narr and Suppe 1993) on layered rocks 
that opening-mode fractures are often confined by layer boundaries; thus, it is oversimplified to treat materials as a 
homogeneous medium in the analytical and numerical models (Tang et al. 2008). The characterization of fractures in 
heterogeneous materials, including multilayered formations, has been carried out by geologists to give reservoir engineers 
more realistic fracture networks. 
Previous works have also contributed to understanding the relationships between fracture spacing and bed thickness. Open 
fractures are common in sedimentary rocks, and their spacing are often proportional to the thickness of the fractured layer 
(Price 1966; McQuillan 1973; Garrett and Bailey 1977; Parvizi and Bailey 1978; Ladeira and Price 1981; Narr and Suppe 
1991; Gross 1993; Wu and Pollard 1995; Tang et al. 2008). Described by Gross (1993), the growth of fractures in layered units 
called “Sequential Infilling” and a term “Fracture Saturation” is given to the strata which no more fractures can infill even with 
increasing strain (Wu and Pollard, 1995; Bai and Pollard, 2000; Bai et al. 2000).  Bai and Pollard (2000) simulated an elastic 
three-layer material model, where vertical fractures were inserted in the central layer before the model was loaded by a slow 
Imperial College 
London 
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application of strain. Tang et al. (2008) proved fracture saturation occurs and modelled the entire evolution of fractures 
without pre-assigning their existence. Bai and Tang’s research using 2-D models considered the boundary condition in which 
only tensile stress directed parallel to the associated layers was applied but lacked the discussion of the fracture evolution 
caused by layer normal compressive stress in the layered materials (induced by overburden or burial). Moreover, both of their 
studies assumed the two materials across the layer boundaries were welded together (i.e. no slip or opening was permitted 
along the boundary). However, slip contributes hugely to pull-apart structures and faults, and thus cannot be considered as 
negligible (Peacock and Sanderson 1992; Belayneh and Cosgrove 2004). The studies carried out by Engelder and Peacock 
(2001) included applying a vertical stress to the top boundary of their three-layer model to simulate a depth of burial, and they 
also discussed the slip effect (frictional slip), but their study did not obtain the entire evolution of fracture formation. 
The objective of this paper is to apply a specific simulation tool to mechanically create two-dimensional realistic fracture 
networks by using stratified models of multilayered sequences for a layer-parallel extensional stress regime. Pre-existing 
separate layers of strata represented by several alternations of limestone and shale will be considered in the simulation.  
 
Approach 
This project is based on a two-dimensional combined finite-discrete element (FEMDEM) code, previously pioneered by 
Munjiza in the 1990s. Based on the theory of non-linear elasticity (Munjiza et al. 1999), this code was developed at Imperial 
College London and Queen Mary, University of London. The algorithms of the simulation tools based on the combined finite-
discrete element code have been devised by Munjiza et al. (1995, 1998, 1999 and 2002), and Xiang et al. (2009). The 
FEMDEM code includes two parts: The theory of non-elasticity is the basis of the Finite Element Method part of the code; the 
Discrete Element Method allows discrete sliding and relative movement of the fragments as the fracture patterns grow. The 
Rankine model is currently used as the failure criterion for fracture initiation in FEMDEM code.  
The paper proceeds as follow: (1) The model is first validated by comparing the stress states between two adjacent 
fractures for a typical elastic three-layer model with available data and results from previous papers (Bai and Pollard 2000; 
Tang et al. 2008). (2) Three–layer fractured models with different thickness ratios of limestone to shale layer (𝑇𝑙𝑠 𝑇𝑠ℎ⁄ ) but 
without pre-existing fractures are simulated under increased compression applied on top and bottom boundaries. During the 
modelling, mechanical rock property data from previous literature (e.g. Young’s Modulus, Poisson’s ratio, friction coefficient, 
energy release rate, tensile and shear strength) are input to simulate a realistic vertical multilayer section with alternating shale 
and limestone properties. (3) A series of five-layered models under layer normal compression are similarly generated. (4) 
Finally, discussion and analysis of the fracture pattern evolution are presented. 
 
Verification of the FEMDEM Numerical Method Used in This Study 
In the previous studies, the algorithms and validation of the simulation tools based on the combined finite-discrete element 
(FEMDEM) code have been investigated by Munjiza et al. (1995, 1998, 1999 and 2002), and Xiang et al. (2009). Follow the 
approach and problem set up of Bai and Pollard (2000), and Bai et al. (2000), this section concentrates on verifying the 
numerical model by studying the stress state transition between two neighbouring opening-mode fractures. For this verification 
of the Finite Element Method (FEM) capabilities of the FEMDEM code, the contacts between layers are modelled as welded 
contacts forbidding slip from occurring, which is similar to the modelling from Bai and Pollard (2000). Studies have shown 
that calculation of fracture aperture and stress distribution can be accurately represented by only four main fractures (Bai and 
Pollard 2000). Thus, four two-sided fractures with zero separation and zero cohesion are pre-existed in the central layer, 
perpendicular to the x-direction and equally-spaced along the central layer. During the simulation, two loading conditions are 
considered: Case 1 and Case 2 (see Table 1); the model is stretched by horizontal tension in Case 1, but the model is under 
vertical compression in Case 2 (see Fig. 1).  
For Case 1, according to several tests of mesh size sensitivity and the limitation of computing power, the refined mesh was 
determined through reducing element size until the calculated stresses differ by less than 0.3%. As shown in Fig. 1a, the 
thickness of the fractured central layer (𝑇𝑓) is 0.2m, and the overall thickness of the model (𝑇 = 𝑇𝑓 + 𝑇𝑛) is 0.8m (Bai and 
Pollard 2000). The model width (W) is fixed at 2m. The Young’s modulus and Poisson’s ratio are listed in Table 2. The entire 
bottom boundary of the model is fixed in the y-direction (black spot), and the middle point of the bottom boundary is fixed in 
x-direction as well (black triangle). The spacing between two middle fractures (AA’) is notated as S. A constant velocity (𝑣𝑥) 
is applied along the left and right boundaries. The top boundary is set to free constraints. The average strain in the x-direction 
(𝜀𝑥𝑥(ave)) is fixed at 0.002, which is consistent with the studies carried out by Bai and Pollard’s (2000). The relation between 
𝜀𝑥𝑥(ave) and 𝑣𝑥 is as expressed below: 
𝜀𝑥𝑥(ave) = 2 × 𝑣𝑥 × (Maximum − time − step no. ) × (time per step) ÷ 𝑊                                         (1) 
where 𝑣𝑥 is the absolute value of horizontal velocity and W is the overall width of the models. 
 
Table 1: Model and mesh characteristics. 
Case No. Model type No. of elements Ave strain  
Central layer 
thickness (𝑇𝑓 ) 
Model size 
(L×W) 
Case 1 3-layer model with horizontal tension 25439 𝜀𝑥𝑥(ave)=0.002 0.2 2m×0.8m 
Case 2 3-layer model with vertical compression 25439 𝜀𝑦𝑦(ave)=0.006 
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a. Three-layer elastic model and its boundary conditions for 
Case 1 (direct tension). 
b. Three-layer elastic model and its boundary conditions for 
Case 2 (indirect tension). 
 
c. The mesh of the entire model. 
Figure 1: Numerical elastic three-layer modelling. 
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C. 𝑺 𝑻𝒇⁄ = 𝟎. 𝟕 
a. Horizontal stress distribution for Case 1 (direct tension) b. Horizontal stress distribution for Case 2 (indirect tension) 
Figure 2: Contour plots of horizontal stress in three-layer model with pre-existing fractures for different ratios of fracture spacing to 
layer thickness (S⁄Tf ). 
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Fig. 2a shows the horizontal stress state transitions (𝜎𝑥𝑥) between the two middle fractures for different ratios of fracture 
spacing to layer thickness (𝑆 𝑇𝑓⁄ ). Note that tension is positive, and compression is negative. It illustrates that if 𝑆 𝑇𝑓⁄  is greater 
than around 1, there is a region of tensile stress between the two fractures (Fig. 2a, A). In contrast, for the ratios less than 1, the 
region between the fractures is governed by compressive stress (Fig. 2a, C). Fig. 3a shows the distribution of 𝜎𝑥𝑥 for different 
ratios of spacing to thickness along the line AA’ that is perpendicular to the middle two fractures and bisects them. 𝜎𝑥𝑥 vs. 
𝑥 𝑇𝑓⁄  are plotted in the figure, where x is the x coordinate of the position of stress, and 𝑥 𝑇𝑓⁄  is the normalized stress position. 
In conclusion, the stress state between two fractures changes from tensile to compressive as the ratio of spacing to thickness 
from greater than to less than a critical value. The results from the above models agree well with the results achieved by Bai 
and Pollard (2000), Bai et al. (2000), and Tang et al. (2008). 
Subsequently, the loading and boundary condition are varied from Case 1 in Case 2: The left and right boundaries are free 
from constraints, but a constant average velocity condition is applied in the y-direction along the top and bottom boundaries of 
the model to produce compressive stress (Fig. 1b). The contour plots of the horizontal stress (Fig. 2b) shows that under the 
compressive stress, the two shale layers are slowly squeezed in the y-direction but extend in the x-direction under the 
compressive stress; consequently, this leads to the extension of central layer as well, and therefore it can be interpreted that the 
central layer is dominated by a tensile stress field. This is very comparable with the central layer from Case 1. Results from 
both Case 1 and Case 2 show a quite similar stress distribution between the middle adjacent fractures along the line AA’, 
which is the stress state between two fractures changes from tensile to compressive as 𝑆 𝑇𝑓⁄  ratio from greater than to less than 
a critical value. Also, their curves show maximum tension or compression values in the stress midway between adjacent 
fractures; thus, the new fractures are inferred to occur in the middle of two existed fractures. It is noted that different value of 
strain for each model have not been illustrated here; therefore the fracture infilling and fracture saturation under increasing 
strain is shown in Appendix B. The results from Case 2 indicate that compressive stresses are able to generate local tensile 
stresses in the central layers, and the main features of stress state transition between the two adjacent fractures of Case 2 are 
similar to that of Case 1. This case of compressive loading was not examined by neither Bai and Pollard (2000) nor Tang et al. 
(2008). Also, it is noticed that there is high tensile stress (hot colours) existed around each tip of every fracture in both Case 1 
and 2; however, these were not discussed in the results of Bai and Pollard (2000) or Tang et al. (2008). This might be a result 
from the different algorithms used in this study (i. e. a combined FEM/DEM is used in this study, but Bai and Pollard (2000) 
and Tang et al. (2008) used FEM). 
 
  
a. For Case 1 (direct tension) b. For Case 2 (indirect tension) 
Figure 3: Distribution of horizontal stress (σxx) along the line AA’ with different S⁄Tf. Note that tensile stresses are positive and 
compressive stresses are negative. 
 
Numerical Modelling and Results 
Modelling of fracture evolution in three-layer models 
One limestone bed between two shale layers was first modelled see Fig. 4 where shale is in grey, and limestone is in white. A 
series of models with various thickness ratios of limestone layer to shale layer (𝑇𝑙𝑠 𝑇𝑠ℎ⁄ ) was simulated.  To avoid the 
boundary effect on the fracture behavior, a model length of 12m was used to ensure small aspect ratio (W/L). Details of the 
models and mesh characteristics can be found in Table 3. Similar to Case 2, a couple of opposing velocities (+𝑣𝑦 and−𝑣𝑦) 
were applied along the top and bottom boundary of the model to simulate a realistic scenario, where a vertical limestone-shale 
sequence is stretched as a result of burial. The x-axis is parallel to the layer boundaries, and the y direction is perpendicular to 
the layer boundaries. An average vertical strain of 0.006 is set for the maximum strain for the progressive deformation 
simulations for all of the three-layer models. The formula to calculate the average vertical strain upon termination of the runs 
is 
𝜀𝑦𝑦(ave) = 2 × 𝑣𝑦 × (Maximum − time − step no. ) × (time  per step) ÷ 𝑇                                     (2) 
-8
-6
-4
-2
0
2
4
6
8
10
12
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
σ
xx
, M
P
a
x/Tf
S/Tf=1.3
S/Tf=1.2
S/Tf=1
S/Tf=0.9
S/Tf=0.7
-6
-4
-2
0
2
4
6
8
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7
σ
xx
, M
P
a
x/Tf
S/Tf=1.3
S/Tf=1.2
S/Tf=1
S/Tf=0.7
Modelling the Evolution of Fractures in Reservoir Rocks  5 
where 𝑣𝑦 is the absolute value of vertical velocity, 𝜀𝑦𝑦(ave) is the average vertical strain, and T is the total initial thickness of 
the model.  
As shown in Table 2, to simulate a realistic multilayer formation, typical mechanical rock properties of shale and limestone 
are selected from previous literature (Lama and Vutukuri 1978; AASHTO 1989; Engelder and Peacock 2001; Zhang 2005; 
Hatheway and Kiersch 1989; Atkinson 1987). The frictional slip is considered when setting the friction coefficient (𝜇) for the 
following models, which means the layers are not welded together. This enables progressive sliding, shearing and opening of 
fractures and layer boundaries to occur. The value of 0.5 is finally used for friction coefficient to get the best simulation result 
after some experiments for different friction coefficients (see Appendix E). 
 
 
 
a. Three-layer brittle model and its boundary conditions. b. Mesh of one sample model. 
Figure 4:  Numerical brittle three-layer modelling. 
 
Table 2: Rock property data. 
Rock type Shale Limestone Unit Reference 
Density 2200 2600 kg/m3 Lama and Vutukuri 1978 
Young’s modulus 9.8e+9 39e+9 GPa AASHTO 1989 
Poisson’s ratio 0.22 0.16 - Engelder and Peacock 2001 
Friction coefficient 0.5 0.5 - - 
Energy Release Rate 30 35 J/m2 Atkinson 1987 
Compressive strength 2e+7 10e+7 MPa AASHTO 1989 
Tensile strength 2e+6 10e+6 MPa Zhang 2005 
Shear strength 7e+6 3.5e+7 MPa Zhang 2005 
 
Table 3: Model and mesh characteristics for modelling. 
Case 
No. 
Model 
type 
Model 
No. 
Central layer 
thickness (𝑇𝑙𝑠) 
Thickness 
ratio (𝑇𝑙𝑠 𝑇𝑠ℎ⁄ ) 
Model size 
L×W 
No. of 
elements 
Ave vertical 
strain 
𝜀𝑦𝑦(ave) 
Case 3 
3-layer 
model 
1 0.25 1/2 12m×1.25m 54308 
0.006 
2 0.5 1/2 12m×2.5m 43756 
3 1 1/2 12m×5m 34384 
4 0.25 1 12m×0.75m 31452 
5 0.5 1 12m×1.5 65738 
6 1 1 12m×3m 53590 
7 0.25 2 12m×0.5m 33342 
8 0.5 2 12m×1m 42898 
9 1 2 12m×2m 54532 
Case 4 
5-layer 
model 
1’ 0.5 1/2 12m×4m 58004 
0.003 2’ 0.5 1 12m×2.5m 59640 
3’ 0.5 2 12m×1.75m 75210 
 
Fig. 5 shows the numerically achieved images of fracture evolution for three-layer model (Models 2, 5, and 8). The order 
of fracture formation in the limestone bed is sequentially notated by numbers. Fig. 5 illustrates the fracture patterns of the 
models with 0.5-meter-thick limestone bed, and only presents the entire fracture formation of Model 2. The images of the 
whole process of fracture evolutions for other models can be found in Appendix C. 
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A. Step 0 
 
B. Step 28 
 
C. Step 31 
 
D. Step 32 
 
E. Step 33 
 
F. Step 35 
 
G. Step 36 
 
H. Step 37 
 
I. Step 63 
 
J. Step 156 
 
K. Step 161 
 
L. Step 199 
a. Model 2 (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟏/𝟐 
 
A. Step 0 
 
B. Step 199 
b. Model 5 (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟏 
 
A. Step 0 
 
B. Step 199 
c. Model 8 (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟐 
Figure 5: Numerically achieved images of fracture evolution for 3-layer model. 
 
In the first stage (Fig. 5a, A-C), when the models are subjected to compressive stress, the two shale layers are slowly 
compressed in the y-direction but extend in the x-direction. Due to the imposed compression and appearance of tensile stress 
state attributed by the layer extension, individual micro-cracks were initiated in the weak shale beds. The compression is 
locally modified at these flaws’ tips to become tensile (Gallagher et al. 1974). As the compression increases, the individual 
flaws propagate and start to link; subsequently, many shear mode fractures form. The very extensive pattern of shear fractures 
is considered to be the computer modelling brittle expression of an average plastic deformation squeezing of the shale layers. 
In the second stage (Fig. 5a, C-D), the limestone is stretched as a result of the friction effect along the shale-layer and 
limestone-bed boundaries, so some randomly distributed flaws form. Another possible mechanism forming these short 
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fractures is that the velocity applied on the top and bottom boundaries is still so large that this might produce shock wave (see 
Appendix E). In the third stage (Fig. 5a, D-G), some initial fractures in the limestone propagate from one boundary between 
the limestone and shale to another, so that long fractures form serially. In the fourth stage (Fig. 5a, G-K), further extension 
leads to the development of five new fractures (6, 7, 8, 9, and 10) among the preceding long fractures. Simultaneously, 
formation of three Y-shape (5, 9, 10) and one X-shape fractures (8) can be observed. The increasing extension allows the 
propagation of first formed fractures to go across the shale layers. Finally, depicted in Fig. 5a (K and L), these through-cutting 
fractures and shale fragments prevents further fracturing in the limestone beds. The fractures were observed to cut through the 
limestone layers before Step 161. After that step, no new fractures form among the earlier formed fractures in the limestone 
bed.  
The phenomenon of sequential infilling is obvious in Model 8 with 𝑇𝑙𝑠 𝑇𝑠ℎ⁄ = 2 (Fig. 5c): Two long fractures form first in 
the limestone bed. Then, five additional fractures infill between these first two fractures. Fracture saturation is well observed 
in Model 5 (Fig. 5b): Four fractures sequentially appear between the first two fractures. It is noticed that new fractures rarely 
form after a certain step in each of the three models. There are three possible explanations for it: (1) Effect of delamination; (2) 
Fracture saturation theory that has been discussed; (3) The pull-apart structure caused by the formation of through-going 
fractures and the fragments of shales. The occurrence of the shale fragments at the edges of the layers is considered to be a 
problem of the simulation, because the fragments might change the local stress state and intended boundary conditions. This is 
the main reason why a length of 12 meters is used for my simulations in this project. In the study, analysis was only carried out 
on the region where the left (right) border is 1 meters away from the left (right) side of each model. This is to mitigate the 
negative influence from shale fragmentation at the free boundaries that could not exist in a real sequence. As a result, some 
fractures such as fracture 9 in Fig. 5a could be neglected. 
 
Modelling of fracture evolution in five-layer models 
Five-layer models to simulate a cyclothem of repeating shale and limestone strata are constructed as shown in Fig. 6 with 
shales in grey, and limestones in white. The x-axis is parallel to the layer boundaries, and the y direction is perpendicular to 
the layer boundaries. The boundary condition is consistent with that of three-layer models: The constant velocities applied to 
the top and bottom boundaries are −𝑣𝑦  and +𝑣𝑦  respectively. The same rock properties used in building three-layer models are 
employed, and the models’ characteristics are given in Table 3. Due to the limitation of computer power, the average vertical 
strain (𝜀𝑦𝑦(𝑎𝑣𝑒)) is reduced to 0.003 so as to retain fine meshes for the models.  
Fig. 7 illustrates the entire process of fracture pattern development in the model with 𝑇𝑙𝑠 𝑇𝑠ℎ = 1/2⁄  (Fig. 7a), but only 
shows the final results of the other two five-layer models (Figs. 7b and 7c). The order of fracture formation in the limestone 
bed is sequentially notated by numbers. The images of the whole process of fracture evolution for Model 2’ and Model 3’ can 
be found in Appendix C. As expected, the fragmentation of shales happened near the both ends of each model. As a result, 
analysis could only be carried out in the vicinity of the central 10-meter region and the two one-meter widths at the edges of 
the models were ignored to alleviate the boundary effect on fracture pattern. Moreover, based on the results from three-layer 
models and some attempts of simulating coarse-mesh-five-layer models, fracture forks (X-shape and Y-shape fractures) were 
expected to appear if the strain continued to increase.  
 
 
a. Five-layer brittle model and its boundary conditions 
 
b. Mesh of one sample model. 
Figure 6: Numerical brittle five-layer modelling. 
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A. Step 0 
 
B. Step 45 
 
C. Step 56 
 
D. Step 60 
 
E Step 62 
 
F. Step 63 
 
G. Step 66 
 
H. Step 135 
 
I. Step 199 
 
a. Model 1’ (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟏/𝟐 
 
A. Step 0 
 
B. Step 199 
b. Model 2’ (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟏 
 
A. Step 0 
 
B. Step 199 
c. Model 3’ (Refer to Table 3): 𝑻𝒍𝒔 𝑻𝒔𝒉⁄ = 𝟐 
Figure 7: Numerically achieved images of fracture evolution for 5-layer models. 
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Analysis and Discussion  
In this section, characterization was carried out mainly on resultant fractures from limestone beds. From the images of the 
entire fracture processes, it is found that other than different types of fractures and pull-apart structures, fracture infilling, 
delamination and fracture saturation can also be well-observed.  
(1) From the simulation results (e. g. Fig. 5 and Fig. 7), most of the new fractures were found to form in the middle of two 
existing adjacent fractures. This finding supports the theory shown in Fig. 3 and is in agreement with the discussion by Ladeira 
and Price (1981), Hornig et al. (1996), Bai and Pollard (2000), and Bai et al. (2000). The literatures argued that the stress 
midway between adjacent fractures will first reach the tensile strength; thus, the crack should appear in the middle of existing 
fractures. However, results from this research shows that several of the new fractures do not form in the middle of adjacent 
fractures. In contrast, they are suggested to be local-stress-state change caused by the change of boundary conditions. For one 
thing, some new fractures initiate at positions where major shear fractures in the shales have caused a boundary disturbance 
and stress perturbations that have localized the preferred site for initiating a tensile fractures. This phenomenon can be 
observed in most of the models such as fracture 4 in Fig. 5a, fracture 2 in Fig. 5c, fracture 7 in Fig. 7a, etc. For another, in 
these brittle models, the layers are debonded along their interface and shear stresses locally cause slip between layers. This is 
called delamination. The mechanisms of it have been studied by several authors (He and Huthinson 1989; Thouless 1989; Bai 
et al. 2000; Tang et al. 2008). Other than the irregular spacing of fractures, numerical experiments have also shown the S/𝑇𝑙𝑠 is 
about 1.7 (see Fig. 9), which is higher than the value suggested by the theory for bonded sandwich layers (i. e. around 1). This 
is also because of delamination that influences on fracture spacing and contributes to fracture saturation. Wu and Pollard 
(1995) conclude that delamination between two layers considerably impacts on fracture formation and causes longer fracture 
spacing. Delamination prevents the stress transmission from the shale layers to the limestone beds; consequently, slip along 
the interfaces and opening of well-developed fractures substitute the growth of new fractures because boundary shear stresses 
cannot transmit the tensile stress to the limestone. In addition, the simulation results of fracture evolution confirm the idea 
shown in Figs. 2 and 3, which is if two adjacent fractures in a stretched layer are close enough, the stress state between them is 
compressive and this phenomenon is described as fracture saturation. The occurrence of cracking events during the loading 
process is shown in Figs. 8a and 8b. From the figures, all the fracturing events often occur within a short critical phase of 
strain between 0.0005 and 0.002. As the strain increases, the number of new fractures increases rapidly initially, but after some 
steps, the rate of fracture formation slows down until eventually no new fractures appear. Hence, it implies that the fracture 
spacing decreases sharply with the increment of strain at the beginning, after some steps, the rate of decrease falls until 
eventually there is no change in fracture spacing. It is clear that fracture spacing stabilizes after a certain degree of vertical 
strain for each model.   
 
  
a. Accumulative fracture event count of 3-layer models b. Accumulative fracture event count of 5-layer models 
Figure 8: Fracture event count in limestones. 
 
(2) Fig. 9a and 9b are the plots of the average fracture spacing (S, the number of fractures per meter in the limestone) and 
the ratio of average fracture spacing to limestone bed thickness (S/𝑇𝑙𝑠) respectively against different thickness ratios between 
limestone bed and neighbouring shale bed (𝑇𝑙𝑠 𝑇𝑠ℎ⁄ ). Fig. 9a demonstrates that average fracture spacing (S) in limestone units 
decrease significantly when the 𝑇𝑙𝑠 𝑇𝑠ℎ⁄  ratio increases from 0.5 to 1.0, but there is no significant further change when 
increased from 1.0 to 2.0; In Fig. 9b S/𝑇𝑙𝑠 ratio is showing a larger variability when 𝑇𝑙𝑠 𝑇𝑠ℎ⁄ =0.5 (i. e. relatively thin limestone 
beds), but there appears to be a systematic trend for S/𝑇𝑙𝑠 to decrease with 𝑇𝑙𝑠 𝑇𝑠ℎ⁄ increaseing from 0.5 to 2.0. Fig. 9c and 9d 
are the plots of S and S/𝑇𝑙𝑠 resepectively against different thickness of limestone (𝑇𝑙𝑠). Fig. 9c indicates that average fracture 
spacing systematically increases with increase in thickness of limestone, 𝑇𝑙𝑠. This agrees with many observations and theories 
such as McQuillan (1973), Garrett and Bailey (1977), Parvizi and Bailey (1978), Ladeira and Price (1981), Narr and Suppe 
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1991, Gross (1993), and Tang et al. (2008). Moreover, in Fig 9d, average fracture spacing to layer thickness ratio, S/𝑇𝑙𝑠, shows 
decreasing variability with increasing the limestone bed thickness from 0.25 to 1m. The data is too limited to draw strong 
conclusion, but for all cases of limestone thickness (𝑇𝑙𝑠), it is most often the case that S/𝑇𝑙𝑠 falls between about 2 and 4. The 
theory for bonded sandwich layer suggested much lower S/𝑇𝑙𝑠 could develop; however the numerical experiments have shown 
different mechanisms develop when slip occurs on the interface, which is the delamination that has been discussed above. 
 
  
a. Variation of S with respect to 𝑻𝒍𝒔 𝑻𝒔𝒉⁄  b. Variation of 𝑺/𝑻𝒍𝒔 with respect to 𝑻𝒍𝒔 𝑻𝒔𝒉⁄  
  
c.  Variation of S with respect to 𝑻𝒍𝒔 d.  Variation of 𝑺/𝑻𝒍𝒔 with respect to 𝑻𝒍𝒔 
Figure 9: Variation of S and the S/Tls ratios with respect to bed thickness. 
 
(3) Numerical results from the three- and five-layer models (Models 1 to 3 and Models 1’ to 3’) show that in the limestone 
bed, cracks often start to propagate from the interface between the boundaries of shales and limestones, and the path of 
fracturing propagation is almost perpendicular to the layer boundaries. This is presented in Fig 2 above and is in agreement 
with the results of tensile strength tests, so the tensile failure must happen in the limestone beds. In other words, in these 
models, most of the fractures are not shear fractures but opening fractures in the limestone beds. This is consistent with most 
field observations (see Fig. 10) and earlier studies (Peacock and Sanderson 1992; Gross 1993; Bai et al. 2000; Belayneh and 
Cosgrove 2004; Tang et al. 2008). Also, as most fractures and fracture forks grow in a wavy way across the limestone layers, 
X-shape and Y-shape fractures can be depicted in such as fracture 5, 9 and 11 in Fig. 5a, as well as fracture 6 in Fig. 5b. These 
are often found in real systems, but hardly ever seen in DFNs.  
(4) The pull-apart structures can also be observed from both three- and five-layer model simulations. In Fig. 11, fractures 
can be identified in the individual limestones which arrested at the interface between shale and limestone beds when extension 
continues, but some other fractures cross-cut across to shales. It is found that extensional fractures in limestones are obliquely 
linked by oblique shear fractures that have formed in the shale layers. This is similar to the field observation from Liassic 
rocks of Bristol Channel Basin (Belayneh and Cosgrove 2004). As further extension results in slip on these composite 
fractures and the interfaces between the layers, these opening mode fractures continue to widen, leading to the development of 
pull-apart structures and faults. The simulation results are in agreement with the previous field observations (Peacock and 
Sanderson 1992; Belayneh and Cosgrove 2004).  
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(5) The discussion above supports that the numerical models built in this study will help us to well understand the 
mechanisms and processes of joint or fault formation; consequently, the joints characteristics under different stress conditions 
and tectonic settings can be speculated. However, it is still necessary to verify the trends from this study and their applicability 
to fractured multilayer materials. Also, some resultant fractures (e. g. Y-shape and X-shape fractures) might be attributed to 
shock wave. Once the computer power permits, some results obtained from the layered models on which much lower velocity 
is applied could be compared with the results from the models with different mass damping coefficients (see Appendix E) to 
see the exact negative effect of shock wave on the fracture pattern formation and to investigate an approach to mitigate it. 
Thus, progressive repeat tests and parameters studies are recommended in future studies. Moreover, further relative rock 
mechanic experiments and field observations are suggested to verify the simulation results. Finally, the prediction of 
permeability of the fractures can be obtained from the simulation results, so the accuracy of these models can be estimated 
through comparing them with equivalent Discrete Fracture Networks (DFNs). 
 
 
 
a. Opening-mode fractures in the limestone layers of the Carmel 
Formation, Chimney Rock, Utah (From Bai et al. 2000). 
b. Map of multilayer section with alternating shale and limestone 
layers to show pull-apart faults (From Peacock and Sanderson 
1992). 
Figure 10: Field examples of opening-mode fractures in layered materials. 
 
 
 
 
a. From the three-layer model.  b. From the five-layer model. 
Figure 11: Numerically obtained results to show opening-fracture and pull-apart structures. 
 
Conclusions and Recommendations 
Through the observation of the whole progress of fracture evolution, the study shows how advanced modelling techniques and 
visualisations can illustrate the effect of heterogeneity and layered units on the evolution of fracture geometry. The model is 
proved to help understand the mechanisms and processes of fracture formation. This gives people a tool to predict joint 
characteristics under different stress conditions and tectonic settings.  
1. The theories of sequential infilling and fracture saturation are corroborated through simulating the elastic layered model 
under tensile stress. Most importantly, it is shown that all these theories should be applicable to explain the fracture 
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pattern in the layered model that is under vertical compression.  
2. The fracture simulation results presented that it is demonstrated that the thickness of the neighbouring incompetent 
layers and that of the competent layers have a strong influence on fracture spacing:  
1) Average fracture spacing (S) in limestone units decreases significantly when the 𝑇𝑙𝑠 𝑇𝑠ℎ⁄  ratio increases from 0.5 to 
1.0, but there is no significant further change when increased from 1.0 to 2.0;  
2) S/𝑇𝑙𝑠 ratio is showing a larger variability in the case of relatively thin limestone beds, but there is a systematic trend 
for S/𝑇𝑙𝑠 to decrease with 𝑇𝑙𝑠 𝑇𝑠ℎ⁄ increaseing from 0.5 to 2.0; 
3) Average fracture spacing (S) systematically increases with increase in thickness of limestone, 𝑇𝑙𝑠; 
4) Average fracture spacing to layer thickness ratio, S/𝑇𝑙𝑠, shows decreasing variability with increasing the limestone 
bed thickness; 
5) More simulations might be carried on to obtain enough data to reveal the proper relationships between the fracture 
spacing and layer thickness in future study.  
3. In the combined FEMDEM code, 𝜇 used in the material of the model governs the contact friction for all the elements in 
the model. In other word, 𝜇 governs the contact friction for both fragments and layers in this study. This is different 
from FEM code, and is an important merit of the combined FEMDEM code. The simulation results have confirmed that 
delamination influences on fracture spacing and contributes to fracture saturation. The numerical experiments, which 
consider the slip between two adjacent layers, suggest higher critical S/𝑇𝑙𝑠 and greater average fracture spacing (S) at 
saturation condition than those from the theory for the models with bonded sandwich layers.  
4. New fractures in the competent beds initiate at positions where major shear fractures in the incompetent layers have 
caused a boundary disturbance and stress perturbations that have localized the preferred site for initiating a tensile 
fractures. This might result in the irregular distribution of fractures and the reduction of fracture spacing in the 
limestone bed.    
5. The numerical simulations reproduce the formation of pull-apart structures, and the results support the previous 
conclusion that fractures will span the limestone beds at a higher angle than in the shale layers. 
6. Some further studies and advanced comparisons are still necessary to verify the model results of this study. For 
instance, it is recommended to reduce the loading velocity to mitigate the shock wave of the elements once the 
computer power permits, and to compare the simulation results with the results from equivalent DFNs. 
7. Moreover, it is recommended to  
1) implement in the FEMDEM code (a) a Mohr-Coulomb failure criterion for fracture initiation in shear, and (b) 
enable cohesion and friction to be assigned to layer boundaries; 
2) compare plane strain simulation resultswith lab experiments on fracture in rock specimens;  
3) for the three layer model, examine a range of boundary constraints including uniaxial constant extension rate 
parallel to layering, and biaxial loading.  
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Nomenclature 
E =Young’s modulus, GPa  
L =length of model, m 
S =average spacing of fractures, m 
𝑇𝑛 =thickness of non-fractured layer, m 
𝑇𝑓 =thickness of fractured layer, m 
𝑇𝑙𝑠 =thickness of limestone bed, m 
𝑇𝑠ℎ =thickness of shale layer, m 
T =overall thickness of model, m 
W =width of model, m  
𝜀𝑥𝑥 =horizontal strain 
𝜀𝑦𝑦 =vertical strain 
ν =Poisson’s ratio 
𝑣𝑥 =velocity in x-direction, m/s 
𝑣𝑦 =velocity in y-direction, m/s 
𝜇 =friction coefficient 
𝜎𝑥𝑥 =horizontal stress, MPa 
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APPENDIX A Critical Literature Review 
  
AA. 1: Summary of the study of fracture networks and fracture evolution modelling 
 
Table AA. 1: Milestones in the study of fracture networks and fractures evolution modelling. 
Paper 
No./Source 
Year Title Authors Contribution 
Int. J. Rock Mech. 
Min. Sci. & 
Geomech. Abstr. 
13 (1976) 135-
148 
1976 
“Discontinuity Spacings in 
Rock” 
S.D Priest, 
J.A. Hudson 
1. First to establish the correlation between the Rock 
Quality Designation (RQD) and mean discontinuity 
frequency per meter. 
2. One of the earliest studies of the geologically statistic 
model of fracture geometry 
Journal of 
Structural 
Geology 3 (1987) 
179-183 
1981 
“Relationship between Facture 
Spacing and Bed Thickness” 
F. L. Ladeira, 
N. J. Price 
1. To establish the empirical relationships between 
fracture spacing and bed thickness 
2. To indicate the influence of both of the thickness of 
layers and the lithology of the competent beds on fracture 
spacing 
Water Resources 
Research 
18(1982) 645-658 
1982 
“Porous Media Equivalents for 
Networks of Discontinuous 
Fracture” 
J.C.S. Long, 
J.S. Remer, 
C.R. Wilson, 
P.A. Witherspoon 
First to model Discrete Fractures Networks. 
Geology 17 
(1989) 345-348 
 
1989 
“Inferring Paleostresses from 
Natural Fracture Pattern: A 
New Method” 
Jon Olson, 
David D. Pollard 
 
To invent a key geometrically based propagation method 
to simultaneous-grow multiple fractures. 
Engineering 
Computations 
1995 
“A Combined Finite-discrete 
Element Method in Transient 
Dynamics of Fracturing 
Solids” 
A. Munjiza, 
D.R.J. Owen, 
N. Bicanic 
First to devise the combined finite-discrete element 
method that is the fundamental principle of the Virtual 
Geoscience Simulation Tools (VGeST). 
Journal of 
Structural 
Geology 25 
(2000) 43-57 
2000 
“Fracture Spacing in Layered 
Rocks: A New Explanation 
Based on the Stress Transition” 
Taixu Bai, 
David Pollard 
First to prove fracture saturation and fracture infilling in 
multilayer strata by using numerical modelling. 
 
International 
Journal of Rock 
Mechanics & 
Mining Sciences 
44 (2007) 704-
719 
2007 
“Hydraulic Properties of 
Fractured Rock Masses with 
Correlated Fracture Length and 
Aperture” 
Alireza Baghbanan, 
Lanru Jing 
First to study the role that the relation between the 
hydraulic aperture and fracture trace length may have in 
influencing the equivalent permeability and possibility of 
a tensorial representation. 
DOI 
10.2475/01.2008.
02 
2008 
“Fracture Spacing in Layered 
Materials: A New Explanation 
Based on Two-Dimensional 
Failure Process Modelling” 
C.A. Tang, 
Z.Z. Liang, 
Y.B. Zhang, 
X. Chang, X. Tao, 
D. G. Wang, 
J. X. Zhang, 
J. S. Liu, 
W. C. Zhu, 
D. Elsworth 
First to simulate a series of brittle three-layered model 
and obtain the entire fracture evolution. 
AAPG Bulletin 93 
(2009) 1633-1648 
2009 
“Comparison of Deterministic 
with Stochastic Fracture 
Models in Water-flooding 
Numerical Simulations” 
Mandefro W. 
Belayneh, 
Stephan K. Matthai, 
Martin J. Blunt, and 
Stephen F. Roger 
First to show how the geometrical uncertainty of the 
Discrete Fracture Networks is revealed in multiphase 
fluid flow. 
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AA. 2: Paper Review 
 
Int. J. Rock Mech. Min. Sci. & Geomech. Abstr. 13 (1976) 135-148 
Discontinuity Spacings in Rock 
Authors: S. D. Priest, J. A. Hudson 
Contribution to understand of geologically statistic model of fracture geometry: 
First to establish the correlation between the Rock Quality Designation (RQD) and mean discontinuity frequency 
per meter. 
Objective of the paper: 
To present a theoretical approach to discontinuity spacing and RQD.   
Methodology used: 
The approach derived to discontinuity spacing and RQD is based on the statistical distributions of spacing values 
that could occur along scanlines, and then compare these results with experimental data obtained from field 
discontinuity surveys. 
Conclusion reached: 
A relation between the RQD and mean discontinuity frequency per meter is established: 
RQD = 100e−0.1λ(0.1λ + 1) 
Comments: 
This paper is one of the earliest studies on the geologically statistic model of fracture geometry. 
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Water Resources Research 18 (1982) 645-658 
Porous Media Equivalent for Networks of Discontinuous Fracture 
Authors: J. C. S Long, J. S. Remer, C. R. Wilson, P. A. Witherspoon 
Contribution to the understanding of Discrete Fracture Networks: 
First to model discrete fractures networks. 
Objective of the paper: 
To develop a new tool that is used to treat fracture systems where geometric factors such as aperture distribution, 
fracture location, orientation, and density are considered. 
Methodology used: 
Treated fracture systems as a collection of discrete fracture flow path.  
Conclusion reached: 
The use of this new tool greatly improves the analysis of field data on fractured rock systems. 
Comments: 
First to model discrete fractures networks that consider various geometric factors of fracture systems. 
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Geology 17 (1989) 345-348 
Inferring Paleostresses from Natural Fracture Pattern: A New Method 
Authors: Jon Olson, David D. Pollard  
Contribution to the understanding of fractures evolution: 
A key geometric-based propagation method was devised to simultaneously grow multiple fractures. 
Objective of the paper: 
To introduce a method that relates the shape of overlapping joint traces to the difference between the greatest and 
least compressive stress. 
Methodology used: 
Used the premise that propagation paths for opening-mode fractures are strongly influenced by stress states and are 
only weakly dependent on the rock fabric; Based on mechanical behavior of cracks in homogeneous and isotropic 
elastic solid. 
Conclusion reached: 
1. The curving paths of overlapping echelon cracks indicate the predominance of local crack-induced stress over 
remote stresses during propagation. 
2. The controlling influence of a remote compressive crack-parallel differential stress is indicated as the nearly 
straight crack path. 
Comments: 
The method introduced is used to interpret complex joint patterns mapped in sedimentary rock and applicable for 
studying the problem of fracture-pattern generation using computer models. 
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SPE 51928 
Comparison of the Performance of a Discrete Fracture Multiphase Model with Those Using Conventional Methods 
Authors: Jong Gyun Kim, Milind D. Deo 
Contribution to the understanding of Discrete Fracture Network modelling: 
This paper is a good case about comparison of the performance of a discrete fracture multiphase model with those 
using homogenization methods. 
Objective of the paper: 
To compare the results from a new multi-phase flow discrete fracture model with simulation results using various 
homogenization methods. 
Methodology used: 
1. Used the method and principal those had been used by Dalen (1979) to develop the model for non-fractured 
reservoirs. 
2. Used hydrogeologic multiphase flow models suggested by Kaluarachchi and Parker.  
3. Used the principally similar formation described by Huyakom et al. (1993) to implement the discrete-fracture 
model.  
4. Used the homogenization method, developed by Koebbe (1998), to determine the effective permeability for the 
2-D fractured domain.  
Conclusion reached: 
1. As the permeability contrast is reduced, the match between the homogenization and the discrete fracture model 
improves.  
2. As the injection rate is increased, the oil recovery reduces for the high permeability contrast.  
3. The effect of flow rate is dependent on the absolute matrix permeability. 
Comments: 
This paper may show a very good example for some parts of my project, but it applied methods suggested by 
others and the simulation methods used may be out of date. 
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Journal of Structural Geology 25(2000) 43-57 
Fracture Spacing in Layered Rocks: A New Explanation Based on the Stress Transition 
Authors: Taixu Bai, David D. Pollard 
Contribution to the understanding of fracture evolution: 
First to prove fracture saturation and fracture infilling in multilayer strata by using numerical modelling. 
Objective of the paper: 
To introduce a new theoretical layered model to well explain the fracture saturation and fracture infilling. 
Methodology used: 
Based on Finite Element Method (FEM), to simulate elastic three-layer material models, where vertical fractures 
were inserted in the central layer before the model was loaded by a slow increment of strain.  
Conclusion reached: 
The stress state between two fractures changes from tensile to compressive as the ratio of spacing to thickness from 
greater than to less than a critical value  
Comments: 
The study mainly considered the boundary condition that only tensile stress paralleled to layers was directly apply 
on their two-dimensional models, but lacked the discussion of the fracture evolution caused from compression 
stress (induced by overburden or burial) in the layered materials. Moreover, the study assumed the two materials 
across the layer boundaries were welded together (i.e. no slip or opening was permitted along the boundary), but 
slip conduces to pull-apart structures and faults, which are widely found in real life. 
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Geological Society, London, Special Publication, 231(2004) 89-102 
Fracture-pattern Variations around a Major Fold and Their Implications Regarding Fracture Prediction Using 
Limited Data: An Example from the Bristol Channel Basin 
Authors: Mandefro Belayneh & John. W. Cosgrove 
Contribution to the understanding of fracture evolution: 
To discourse the reliability of fracture systems deduced using limited data, and evaluate whether the fractures are 
correlated to a regional stress field or a local stress field. 
Objective of the paper: 
To examine the geometry of the fracture networks evolved in the Liassic carbonates of the Bristol Channel Basin 
within the duration of its inversion. 
Methodology used: 
The analysis was based on the use of kinematic indicators with the aid of a combination of scanline and window 
sampling. 
Conclusion reached: 
There are significant variations in the fracture systems between adjacent lime-stone beds and also lateral variation 
within the same bed, and the reasons for these variations are still unclear. 
Comments: 
Not very much significant conclusion was drawn, but the analysis and introduction of the fracture pattern as well as 
method and process of the study are of use as a source of my reference. 
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ARMA/USRMS 06-1029 
Hybrid Discrete Fracture Network and Equivalent Continuum Model for Shaft Sinking 
Authors: William. S. Dershowitz  
Contribution to the understanding of Discrete Fracture Networks: 
1. First to propose the development of a hybrid discrete fracture network/continuum (DFN/EPM) model.  
2. To help to know the application of the program of FracMan. 
Objective of the paper: 
To develop of a hybrid discrete fracture network/continuum (DFN/EPM) model for an underground rock research 
laboratory. 
Methodology used: 
1. EPM (volume) elements were integrated with DFN (triangular) elements in the model. 
2. The model was based on a 9-km-scale discrete fracture model, and the overlaying sedimentary rock sequences 
were modelled using the conventional continuum (EPM) approach.  
Conclusion reached: 
1. Oda-tensor based upscaling, which is used for developing hybrid DFN/EPM method, can reduce the 
computational requirements of large rock volumes, and improve the level of detail that can be included in the 
portion of the model. 
2. A new approach for modelling flow-barrier and partially sealing faults, using a connectivity-based approach 
simulating fault displacements is described. 
3. The DFN approach can build a more realistic model of the grouting of fractures connected to grout holes, and 
better describe the utilization of grout for controlling flow. 
Comments: 
The hybrid DFN/EPM approach is an extension of dual permeability features of Golder Associates’ FracMan code. 
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International Journal of Rock Mechanics & Mining Sciences 44(2007) 704-719 
Hydraulic Properties of Fractured Rock Masses with Correlated Fracture Length and Aperture 
Authors: Alireza Baghbanan, Lanru Jing 
Contribution to the understanding of fracture evolution and Discrete Fracture Networks: 
First to study the role that the relation between the hydraulic aperture and fracture trace length may have in 
influencing the equivalent permeability and possibility of a tensorial representation. 
Objective of the paper: 
To develop a discrete numerical methodology for determination of existence of REV and equivalent permeability 
tensor of fractured rocks with consideration of correlated distributions of fracture aperture and trace length. 
Methodology used: 
Adopted a 2-D DEM code UDEC (Itasca Consulting Group Inc., 2004) as the basic numerical tool for the 
methodology development, with the assumption that intact rock matrix was impermeable and fluid flows through 
connected fractures only. 
Conclusion reached: 
1. It is difficult and limited to adapt the concept of REV and equivalent permeability tensor approaches for 
numerical simulation of fluid flow in fractured rocks.  
2. The assumption of constant aperture could lead to significant uncertainties in the estimations of REV and 
equivalent permeability for fractured crystalline rocks. The magnitude of the overall permeability could be 
either higher (if aperture and length are correlated) or lower (if they are uncorrelated), depending on site-
specific conditions. 
Comments: 
1. The study was limited to 2D analysis. 
2. The impact of stress/deformation processes on aperture distributions is an important factor that may have 
significant impact on evolutions of permeability of fractured rocks, but was not considered in this paper. 
3. The number of DFN realizations adopted in this research was rather limited. A much larger number of DFN 
models are much preferable when much increased computing efficiency is available. 
4. The important information the paper mentioned:  
1) Using general distributions of fracture geometry parameters without truncation for stochastic DFN models 
is attractive only in theory, but not practical in practice.  
2) In numerical modelling, using mapped fracture system data, truncations of fracture parameters, especially 
aperture and trace length, cannot be avoided due to limitations of field measurement. This limitation 
naturally introduces a certain unavoidable degree of uncertainty in both the reliability of the truncated 
distributions of parameters and the DFN modelling results.  
3) The uncertainty caused by truncation in measurement and statistical analysis of the fracture mapping data 
will remain to be a challenging subject for both site characterizations and numerical modelling in the 
future. 
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AAPG Bulletin 93 (2009) 1633-1648 
Comparison of Deterministic with Stochastic Fracture Models in Water-flooding Numerical Simulations 
Authors: Mandefro W. Belayneh, Stephan K. Matthai, Martin J. Blunt, and Stephen F. Rogers 
Contribution to the understanding of Discrete Fracture Networks: 
First to show how the geometrical uncertainty of the DFNs is revealed in multiphase fluid flow. 
Objective of the paper: 
To compare geologically conditioned, stochastically generated fractures (DFNs) versus well-characterized 
fractures (DFM) based on outcrops on the southern margin of Bristol Channel Basin. 
Methodology used: 
1. Combined vein attributes determined from scanlines and window samples to condition the discrete fractures 
modelling using FracMan.  
2. Applied a constant pressure gradient for each realization. 
3. Used the combined finite element-finite volume method to do the water-flooding simulation.  
Conclusion reached: 
1. The simulating single- and two-phase flow through DFM shows that flow is fracture dominated while the flow 
numerical simulation on DFN models varies from fracture dominated to matrix dominated. 
2. DFN models make a better prediction of effective horizontal permeability and flux ratio. 
3. For well-connected fractures, flow is highly localized along single favourably oriented fracture or through the 
connected network. This leads to occurrence of a fast water breakthrough and low oil recovery; 
For disconnected fractures, they have subordinate function and the resulting flow is pervasive. This leads to 
delayed water breakthrough and better recovery. 
Comments: 
1. Quantifying fracture attributes such as length and connectivity can be from the characterization of fractures in 
analogy outcrops. This will help to avoid huge uncertainty associated with fractured reservoirs. 
2. The actual recovery should be expected to be lower than predicted from this paper. 
3. In this study, author only considered the static behaviour of both DFN and DFM. 
4. Postdepositional processes were not considered in this study. 
5. This study is familiar to my project, and is of use as a source of my reference. 
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Particuology 8 (2010) 100-105 
The Virtual Geosciences Workbench, VGW: Open Source Tools for Discontinuous System 
Authors: A. Munjiza, J. Xiang, X. Garcia, J.P. Latham, G.G. Schiava D’Albano, N.W.M. John 
Contribution: 
Not much because this paper is just an introduction of the tool, VGeST, based on FEM/DEM, which can be used to 
deal with geosciences problems.  
Objective of the paper: 
To introduce the Virtual Geoscience Workbench used to dealing geosciences problem. 
Comments: 
1. This paper gives a detail introduction of the tool that will be used in my project. 
2. The combined finite-discrete element method has already proven its efficiency and reliability as a 
computational tool to solve problems involving transient dynamics of systems in which deformation and 
fracturing play an important role. 
3. Outlined the historical background of the combined finite-discrete element method has been given. 
4. Described the key components of VGW, a FEMDEM modelling environment and the potential field of 
geosciences applications. 
5. VGW is an excellent platform for exchange of ideas, algorithms and solutions.  
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Journal of Structural Geology 32 (2010) 192-201 
Hybrid Veins from the Southern Margin of the Bristol Channel Basin, UK 
Authors: Mandefro Belayneh, John W. Cosgrove 
Contribution to the understanding of fracture evolution and characteristics of fractures: 
1. To review the previous studies on analyzing the fractures with a range from extension to shear fractures via 
hybrid fractures. 
2. To briefly review the geology and structural evolution of the study area and to describe some examples of 
hybrid veins cropping out east of Lilstock on the southern margin of the Bristol Channel Basin. 
Objective of the paper: 
To propose a new model for the opening of the Bristol Channel based on the kinematic analysis of Sinistral and 
dextral en echelon hybrid calcite veins. 
Methodology used: 
The analysis is based on the use of two types of kinematic indicators, namely en echelon tension gashes and 
mineral fibers. 
Conclusion reached: 
1. The Bristol Channel Basin formed as a result of a general N-S directed extension during Permian to Cretaceous 
times.  
2. A complex array of hybrid fractures showing both extensional and shear displacements is found sub-parallel to 
the early veins that is dominant in opening mode displacement. 
3. A single stress regime causes the occurrence of a variety of kinematic indicators in association with the hybrid 
fracture zones. If however, this association is not recognized and the individual indicators interpreted 
separately, an unnecessarily complex stress history of basin evolution will result. 
4. The four stages of basin opening described by Peacock and Sanderson (1999) and Peacock (2004) can be 
explained by a single event that gave rise to the formation of hybrid veins during opening and subsidence. 
5. The proposed model of basin opening requires the stress field associated with the formation of the early formed 
extensional fractures to change, specifically for there to be a switch of the maximum and intermediate principal 
stresses, before the formation of the hybrid fractures. 
6. It is claimed that the close proximity of 𝜎1 and 𝜎2 values resulted in a switch between the two at some point in 
basin opening, and that this, combined with the fact that the differential stress (𝜎1 − 𝜎3) was approximately 
four times the tensile strength of the rock, resulted in the formation of the ~E-N striking hybrid veins described 
in this work. 
Comments: 
The review of the previous studies on analyzing the fractures with a range from extension to shear fractures via 
hybrid fractures help to have full idea of the fracture formation. 
This paper indicates that geological fractures are extremely complex geometrically and topologically. 
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APPENDIX B Brief Analysis of Horizontal Stress State Transition for Different Strains 
 
Fig. AB. 1 is from the result of Case 2 (indirect tension), it shows that as the vertical strain increases, the 
characteristics of the horizontal stress distribution between two adjacent fractures keep similar. In other 
words, the horizontal stress state transition is independent of the strain. Thus, different value of strain for 
each model will not effect on the observing the fracture infilling and fracture saturation. The same result 
is also presented by Tang et al. (2008). 
 
 
a. 𝜺𝒚𝒚(𝐚𝐯𝐞)=0.03 
 
b. 𝜺𝒚𝒚(𝐚𝐯𝐞)=0.006 
Figure AB. 1: Horizontal stress state transition for different strain conditions in Case 2 (indirect tension).
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APPENDIX C Numerically Achieved Images of Fracture Revolution 
 
The entire process of fracture formation for each model is illustrated in Figs. AC. 1 through AC. 7. 
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Figure AC. 1: Images of entire fracture evolution for Model 1. 
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Figure AC. 2: Images of entire fracture evolution for Model 3. 
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Figure AC. 3: Images of entire fracture evolution for model 4. 
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Figure AC. 4: Images of entire fracture evolution for model 5. 
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Figure AC. 5: Images of entire fracture evolution for model 6. 
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Figure AC. 6: Images of entire fracture evolution for model 7.
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Figure AC. 7: Images of entire fracture evolution for model 8. 
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Figure AC. 8: Images of entire fracture evolution for model 9. 
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Figure AC. 9: Images of entire fracture evolution for model 2’. 
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Figure AC. 10: Images of entire fracture evolution for model 3’. 
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APPENDIX D Mesh Sizes of All Models. 
 
Once the computer power permits, same fine mesh is used for both competent layers and incompetent 
layers. Otherwise, the mesh sizes for competent layers and incompetent layers are different, and the 
competent layers have smaller element size than incompetent layer do.  The mesh size for each model is 
shown in Table AD. 1. 
 
Table AD. 1: Mesh sizes of all models. 
Case No. 
Model 
No. 
Mesh size, m 
Competent layer Incompetent layer 
Case 1 - 0.015 0.015 
Case 2 - 0.015 0.015 
Case 3 
1 0.025 0.025 
2 0.025 0.05 
3 0.03 0.06 
4 0.015 0.015 
5 0.025 0.025 
6 0.025 0.075 
7 0.025 0.025 
8 0.025 0.025 
9 0.025 0.05 
Case 4 
1’ 0.025 0.075 
2’ 0.025 0.05 
3’ 0.025 0.025 
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APPENDIX E All Rock Properties and Input Parameters for Modelling 
 
AASHTO (1989) only tabulates the compressive strengths of the limestone and shale, but the tensile 
strength of intact rock can be approximately calculated by the following correlation: 
σt = −σc/10 
where σt is the tensile strength and σc is the compressive strength (Zhang 2005). Also, various relations 
between normal stress and shear strength are provided by Zhang (2005). However, shear strength is 
normally 3.5 times greater than tensile strength. 
The friction coefficient (𝜇) varies from 0.3 to 0.6 for different materials in real life; however, during 
the modelling, it is found that the shale layers tend to become fragments with the increasing friction 
coefficient (see Fig. AE. 1). Also, relative large friction coefficient is necessary to keep high friction on 
the interface between two layers. Hence, the default value of 0.5 is finally used to get the best simulation 
result after some experiments for different friction coefficient (i.e. 0.3, 0.4, 0.5, 0.6, 0.65 and 0.8). 
It is found that increasing Mass Damping Coefficient could mitigate the element vibration (shock 
wave), and almost does not affect on the fractures in shales, but it apparently reduces the final number of 
fractures in the limestone bed (see Fig. AE. 2). Based on the formula to calculate the Maximum Mass 
Damping Coefficient, which is 
Cd = h × √E × ρ 
where Cd is the Mass Damping Coefficient, h is the minimum mesh edge, E is Young’s Modulus and ρ is 
the density of rock, some experiments were carried out and the best Mass Damping Coefficient values are 
determined for shale and limestone respectively (see Table AE. 1).   
The problem data for running simulations and the value of velocity along the boundaries for each 
model are shown in Tables AE. 2 and AE. 3 respectively. 
 
Table AE. 1: All material properties. 
Rock type Shale Limestone 
Density 2200kg/m3 2600kg/m3 
Young’s modulus 9.8e+9GPa 3.9e+10GPa 
Poisson’s ratio 0.22 0.16 
Mass Damping 
Coefficient 
5000 10000 
Penalty Number 2.0e+10 2.0e+10 
Friction coefficient 0.5 0.5 
Energy Release Rate 30J/m2 35J/m2 
Tensile strength 2.0e+6MPa 1.0e+7MPa 
Shear strength 7.0e+6MPa 3.5e+7MPa 
 
Table AE. 2: Problem data for simulation 
running. 
Gravity 0 
Accuracy 32bit 
Maximum-Dimension 10 
Maximum-Force 1e+6 
Maximum-Velocity 100 
Maximum-Stress 1e+8 
Maximum-Contacting-Couples 10000000 
Buffer-Size-for NBS 0.01 
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Table AE. 3: Boundary condition for each model and problem data for output. 
Case No. 
Model 
No. 
Maximum-Number-
Time-Steps 
Velocity Time step 
Case 1 - 800,000 
+vx = +0.01 m/s 
−vx = −0.01 m/s 
2e-7 
Case 2 - 800,000 
+vy = +0.05 m/s 
−vy = −0.05 m/s 
2e-7 
Case 3 
1 250,000 
+vy = +0.05 m/s 
−vy = −0.05 m/s 
3e-7 
2 500,000 
3 1,000,000 
4 150,000 
5 300,000 
6 600,000 
7 100,000 
8 200,000 
9 400,000 
Case 4 
1’ 400,000 +vy = +0.05 m/s 
−vy = −0.05 m/s 
3e-7 2’ 250,000 
3’ 175,000 
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a. 𝑪𝒅(shale)=5000, 𝑪𝒅(limestone)=5000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
 
b. 𝑪𝒅(shale)=5000, 𝑪𝒅(limestone)=8000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
 
c. 𝑪𝒅(shale)=5000, 𝑪𝒅(limestone)=10000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
 
Might be a result from shock wave 
 
Might be a result from shock wave 
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d. 𝑪𝒅(shale)=5000, 𝑪𝒅(limestone)=15000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
 
e. 𝑪𝒅(shale)=5000, 𝑪𝒅(limestone)=20000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
 
f. 𝑪𝒅(shale)=10000, 𝑪𝒅(limestone)=100000; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical strain)=0.006. 
Figure AE. 1: Images of fractures with same average strain but different mass damping coefficients.
 
Both shock wave and no. of fractures decrease 
 
No shock wave but only one single fracture in the limestone 
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a. Friction coefficient(𝝁)=0.5; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical Strain)=0.006. 
 
b. Friction coefficient(𝝁)=0.8; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical Strain)=0.006. 
 
c. Friction coefficient(𝝁)=1; 𝜺𝒚𝒚𝒂𝒗𝒆 (average vertical Strain) is very tiny (i. e. much less than 0.006). 
Figure AE. 2: Images of fractures with different friction coefficients. 
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APPENDIX F Main Definition 
 
In the paper, some terms are defined as follow: 
“Joint” is used for a natural fracture with field evidence for dominantly opening displacement (Pollard 
and Aydin 1988).  
“Fracture” refers to that with opening displacement, but produced in experiments using model materials 
(Wu and Pollard 1995), and is used to represent any fracture that cuts or almost cuts through the fractured 
layers (Tang et al. 2008) 
“Flaw” refers to those cracks that are very short compared to the thickness of the fractured layer (Tang et 
al. 2008) 
“Spacing” means the perpendicular distance between two adjacent, parallel joints or fractures (Wu and 
Pollard 1995) 
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APPENDIX G Data for Plotting Graphs 
 
 
Table AG. 1: Data for S⁄Tf=1.3 in Case 
x x/Tf STRESS(xx) 
-0.13001 -0.65006 -12710 
-0.1092 -0.54599 -936676 
-0.08839 -0.44194 -672823 
-0.06758 -0.33789 1.77E+06 
-0.04677 -0.23384 5.16E+06 
-0.02596 -0.12979 8.03E+06 
-0.00519 -0.02596 9.39E+06 
0.025954 0.129769 8.02E+06 
0.046764 0.233821 5.13E+06 
0.067574 0.337869 1.73E+06 
0.088383 0.441917 -693820 
0.109194 0.54597 -939749 
0.130008 0.65004 -12703.9 
0.130521 0.652605 -12286.2 
 
Table AG. 2: Data for S⁄Tf=1 in Case 1. 
x x/Tf STRESS(xx) 
0.100463 0.502315 -16221.6 
0.099997 0.499986 -16201.8 
0.08959 0.447949 -556560 
0.079184 0.395922 -1454880 
0.068779 0.343894 -2.22E+06 
0.058375 0.291874 -2511765 
0.04797 0.239852 -2.51E+06 
0.037567 0.187835 -1968245 
0.01676 0.083801 -807360 
-0.01676 -0.08381 -743038 
-0.03757 -0.18784 -1895385 
-0.04797 -0.23986 -2.45E+06 
-0.05838 -0.29188 -2459765 
-0.06878 -0.3439 -2.19E+06 
-0.07919 -0.39593 -1443040 
-0.08959 -0.44796 -554478 
-0.1 -0.49999 -16113.4 
 
Table AG. 3: Data for S⁄Tf=0.7 in Case 1. 
x x/Tf STRESS(xx) 
-0.07 -0.35 -23133.7 
-0.05959 -0.29797 -825592 
-0.04919 -0.24595 -2347535 
-0.03878 -0.19392 -4.02E+06 
-0.02838 -0.14191 -5357295 
-0.01798 -0.08989 -6.45E+06 
-0.00758 -0.03788 -6.93E+06 
-0.00456 -0.0228 -6.83E+06 
0.004048 0.02024 -6.94E+06 
0.007565 0.037827 -6.83E+06 
0.017968 0.089839 -6.51E+06 
0.028371 0.141856 -5455250 
0.038774 0.193871 -4.10E+06 
0.049179 0.245895 -2411160 
0.059584 0.297919 -846592 
0.06999 0.349951 -23822.6 
 
Table AG. 4: Data for S⁄Tf=0.9 in Case 1. 
x x/Tf STRESS(xx) 
-0.09 -0.44999 -18102.4 
-0.07959 -0.39796 -634966 
-0.06919 -0.34593 -1702625 
-0.05878 -0.29391 -2.74E+06 
-0.04838 -0.24189 -3349130 
-0.03797 -0.18987 -3.77E+06 
-0.02757 -0.13785 -3663485 
0.027564 0.13782 -3706060 
0.037967 0.189835 -3.81E+06 
0.048371 0.241854 -3384105 
0.058775 0.293874 -2.76E+06 
0.06918 0.345901 -1713515 
0.079586 0.397928 -636886 
0.089993 0.449963 -18236.6 
0.090435 0.452176 -18913.3 
 
Table AG. 5: Data for S⁄Tf=1.2 in Case 1. 
x x/Tf STRESS(xx) 
-0.12001 -0.60006 -13197.7 
-0.10961 -0.54803 -445169 
-0.0992 -0.49599 -1034270 
-0.08879 -0.44397 -1287475 
-0.07839 -0.39194 -1071070 
-0.06798 -0.33992 -190584 
-0.05758 -0.2879 864979 
-0.04718 -0.23588 2393190 
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-0.03677 -0.18385 3581460 
-0.02637 -0.13183 4966465 
-0.01596 -0.07981 5781110 
-0.00557 -0.02783 6137380 
0.015946 0.079731 5520400 
0.026351 0.131754 4948600 
0.036756 0.183778 3577460 
0.04716 0.2358 2391950 
0.057565 0.287823 866641 
0.067969 0.339844 -191276 
0.078374 0.391868 -1067330 
0.088778 0.443892 -1284540 
0.099184 0.495921 -1028350 
0.10959 0.54795 -441855 
0.120504 0.60252 -13126.1 
 
Table AG. 6: Data for S⁄Tf=1.3 in Case 2 with 
strain of 0.03. 
x x/Tf STRESS(xx) 
-0.13031 -0.65156 -137545 
-0.11988 -0.59938 -1.78E+06 
-0.10944 -0.54722 -3747470 
-0.09901 -0.49506 -4.47E+06 
-0.08858 -0.44292 -2953055 
-0.07816 -0.39079 96169.8 
-0.06773 -0.33866 5383635 
-0.05731 -0.28653 1.06E+07 
-0.04688 -0.2344 17173050 
-0.03645 -0.18226 2.21E+07 
-0.02602 -0.13011 27520350 
-0.01559 -0.07796 3.05E+07 
-0.00521 -0.02605 3.19E+07 
0.005157 0.025786 32746000 
0.01558 0.077901 3.07E+07 
0.026011 0.130056 27865150 
0.036439 0.182193 2.25E+07 
0.046868 0.234342 17476850 
0.057293 0.286466 1.08E+07 
0.067722 0.338611 5520460 
0.078146 0.39073 183690 
0.088576 0.442879 -2912685 
0.099001 0.495005 -4.44E+06 
0.109434 0.54717 -3735945 
0.119864 0.59932 -1.77E+06 
0.130303 0.651515 -137185 
 
Table AG. 7: Data for S⁄Tf=1 in Case 2 with strain 
of 0.03. 
x x/Tf STRESS(xx) 
-0.07015 -0.35073 -110657 
-0.05972 -0.29858 -2.80E+06 
-0.04929 -0.24645 -7821230 
-0.03886 -0.19431 -1.33E+07 
-0.02844 -0.1422 -1.8E+07 
-0.01802 -0.09009 -2.15E+07 
-0.0076 -0.038 -2.32E+07 
-0.00458 -0.0229 -2.29E+07 
0.004043 0.020214 -2.33E+07 
0.007567 0.037833 -2.29E+07 
0.017986 0.089928 -2.19E+07 
0.028407 0.142037 -1.8E+07 
0.038829 0.194147 -1.38E+07 
0.049256 0.246281 -8178760 
0.059683 0.298416 -2.93E+06 
0.070115 0.350574 -117551 
 
Table AG. 8: Data for S⁄Tf=0.7 in Case 2 with 
strain of 0.03. 
x x/Tf STRESS(xx) 
0.101786 0.50893 -126573 
0.089768 0.448841 -2.20E+06 
0.079339 0.396697 -5508755 
0.06891 0.344548 -8.32E+06 
0.058486 0.292429 -9372910 
0.04806 0.240301 -9.55E+06 
0.037639 0.188195 -7545700 
0.027215 0.136076 -6.35E+06 
0.016795 0.083973 -3437990 
0.005775 0.028873 -3.18E+06 
-0.00501 -0.02505 -3183210 
-0.01679 -0.08395 -4.14E+06 
-0.02721 -0.13605 -6.53E+06 
-0.03763 -0.18817 -8083140 
-0.04805 -0.24027 -9.77E+06 
-0.05848 -0.2924 -9765850 
-0.0689 -0.34452 -8.57E+06 
-0.07933 -0.39666 -5690750 
-0.08976 -0.44881 -2.27E+06 
-0.1002 -0.50099 -127337 
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Table AG. 9: Data for S⁄Tf=1.2 in Case 2 with 
strain of 0.03. 
x x/Tf STRESS(xx) 
-0.12001 -0.60006 -13034.6 
-0.10961 -0.54803 -429540 
-0.0992 -0.49599 -1008982 
-0.08879 -0.44397 -1.30E+06 
-0.07839 -0.39194 -1005707 
-0.06798 -0.33992 -321157 
-0.05758 -0.2879 963064.5 
-0.04718 -0.23588 2.17E+06 
-0.03677 -0.18385 3711460 
-0.02637 -0.13183 4.71E+06 
-0.01596 -0.07981 5788560 
0.015946 0.079731 5813995 
0.036756 0.183779 3710285 
0.04716 0.2358 2.17E+06 
0.057565 0.287823 962385.5 
0.067969 0.339844 -318514 
0.078374 0.39187 -1005189 
0.088778 0.443892 -1.30E+06 
0.099184 0.495922 -1006156 
0.10959 0.54795 -426135 
0.12 0.6 -12949.8 
 
Table AG. 10: Data for S⁄Tf=1.3 in Case 2 with 
strain of 0.006. 
x x/Tf STRESS(xx) 
-0.13006 -0.65031 -10161.5 
-0.11965 -0.59825 -277660 
-0.10924 -0.5462 -620643 
-0.09883 -0.49415 -740123 
-0.08842 -0.44211 -439729 
-0.07801 -0.39006 148903 
-0.0676 -0.33802 1164295 
-0.05719 -0.28597 2169020 
-0.03638 -0.18188 4385320 
-0.02597 -0.12983 5421165 
-0.01556 -0.07779 5986020 
-0.00519 -0.02597 6260680 
0.015555 0.077773 6030860 
0.025964 0.129822 5487950 
0.036374 0.181868 4455410 
0.046783 0.233915 3488970 
0.057192 0.285959 2213480 
0.067601 0.338004 1191640 
0.07801 0.390048 166757 
0.088419 0.442094 -431057 
0.098828 0.494139 -734088 
0.109238 0.546188 -618123 
0.119648 0.59824 -275966 
0.130288 0.651442 -9510.24 
 
Table AG. 11: Data for S⁄Tf=1 in Case 2 with strain 
of 0.006. 
x x/Tf STRESS(xx) 
-0.35014 -0.07003 -15352.9 
-0.29809 -0.05962 -516658 
-0.24605 -0.04921 -1466050 
-0.194 -0.0388 -2515020 
-0.14197 -0.02839 -3369235 
-0.08992 -0.01798 -4083140 
-0.03789 -0.00758 -4412590 
-0.02281 -0.00456 -4352480 
0.02026 0.004052 -4436630 
0.037855 0.007571 -4352480 
0.089891 0.017978 -4149840 
0.141932 0.028386 -3477940 
0.193971 0.038794 -2608520 
0.246017 0.049203 -1530825 
0.298062 0.059612 -538200 
0.351303 0.070261 -16505.1 
 
Table AG. 12: Data for S⁄Tf=0.7 in Case 2 with 
strain of 0.006. 
x x/Tf STRESS(xx) 
-0.1002 -0.50098 -12675.7 
-0.08963 -0.44814 -391899 
-0.07922 -0.39609 -1024400 
-0.06881 -0.34405 -1564620 
-0.0584 -0.292 -1779260 
-0.04799 -0.23996 -1784570 
-0.03758 -0.18792 -1416910 
-0.02718 -0.13588 -1158540 
-0.01677 -0.08384 -608615 
-0.00558 -0.0279 -92203.9 
0.005764 0.028821 -94326 
0.016768 0.083842 -596110 
0.027177 0.135883 -1126860 
0.037585 0.187924 -1385110 
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0.047993 0.239964 -1743210 
0.058401 0.292007 -1730265 
0.06881 0.344051 -1516870 
0.079219 0.396097 -990122 
0.089629 0.448145 -379578 
0.100194 0.50097 -12546.1 
 
Table AG. 13: Data for S⁄Tf=1.2 in Case 2 with 
strain of 0.006. 
x x/Tf STRESS(xx) 
0.120099 0.600495 -2516.39 
0.109594 0.54797 -82702.3 
0.099189 0.495947 -197097 
0.088785 0.443923 -255158 
0.07838 0.391899 -199601 
0.067975 0.339875 -66021.9 
0.05757 0.287852 184504 
0.047166 0.235829 421337 
0.036761 0.183805 723264.5 
0.026357 0.131783 919715 
0.005983 0.029917 1078130 
-0.00556 -0.0278 1199990 
-0.01596 -0.07978 1131350 
-0.02636 -0.1318 918886 
-0.03676 -0.18382 723656.5 
-0.04717 -0.23584 421236 
-0.05757 -0.28787 184854 
-0.06798 -0.33989 -66320.7 
-0.08879 -0.44394 -255941 
-0.09919 -0.49596 -197540 
-0.1096 -0.54799 -83308.9 
-0.12 -0.60002 -2138.4 
 
Table AG. 14: Data for Figure 9. 
Model no. 
Total no of 
fractures at 
saturation 
Length of 
limestone, 
m 
Thickness  of 
limestone, m 
Thickness 
ratio 
between 
limestone 
and shale 
Ave. 
fracture 
spacing, 
m 
Ave. fracture 
spacing to LS 
thickness ratio 
1 5 12 0.25 0.5 2.4 9.6 
2 9 12 0.50 0.5 1.3 2.7 
3 4 12 1.00 0.5 3.0 3.0 
4 15 12 0.25 1.0 0.8 3.2 
5 6 12 0.50 1.0 2.0 4.0 
6 7 12 1.00 1.0 1.7 1.7 
7 24 12 0.25 2.0 0.5 2.0 
8 8 12 0.50 2.0 1.5 3.0 
9 7 12 1.00 2.0 1.7 1.7 
1' 8 24 0.50 0.5 3.0 6.0 
2' 14 24 0.50 1.0 1.7 3.4 
3' 16 24 0.50 2.0 1.5 3.0 
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